D ue to the brain's limited ischemic tolerance, structural injury and cognitive impairment may ensue after even brief episodes of cerebral hypoxia-ischemia (HI). Critically ill neonates and infants are at increased risk for these events, which can occur during birth asphyxia, as a result of respiratory or cardiovascular failure, or during the course of complex surgical operations, such as neurosurgery or congenital cardiac surgery. Undetected and untreated, these episodes can lead to life-long impairment with a substantial burden for the individuals, 1 caretakers, and society. 2 To alleviate neurological injury, it is crucial to devise model systems to test neuroprotective strategies. These efforts require the use of in vivo animal models that are specific to the developing brain, since expanding evidence suggests that the immature brain may differ considerably from the adult brain in its immediate response to brain ischemia, in the molecular steps involved in the injurious process, and in long-term recovery mechanisms of plasticity and repair. 3 The Rice-Vannucci brain ischemia model (RVM) is a frequently used small rodent model specific to the immature brain. 4,5 It uses unilateral carotid ligation and subsequent exposure to systemic hypoxia with spontaneous BACKGROUND: Infant brain injury from hypoxia-ischemia (HI) can lead to life-long impairment, but protective strategies are lacking. Short-term but not long-term protection has been demonstrated in the Rice-Vannucci neonatal brain ischemia model (RVM) by volatile anesthetic administration before HI, while exposure during HI has not been tested. In the current study, we evaluated a combination of sevoflurane and mild hypothermia as a protective approach during HI, both short-and long-term, by introducing intubation and mechanical ventilation to the RVM. METHODS: The right common carotid artery was ligated in 10-day-old mice during brief sevoflurane anesthesia, followed by a 2-hour recovery with the dam. Littermates were then randomized to either: HI spontaneously breathing 10% oxygen for 60 minutes (the classical RVM); HI-Protect mild hypothermia and orotracheal intubation and mechanical ventilation with 3.5% sevoflurane in 10% oxygen for 60 minutes; or Room Air spontaneously breathing room air for 60 minutes. In a nonsurviving cohort, cerebral oxygenation was monitored in the area at risk and the contralateral hemisphere during HI or HI-Protect using visible-light spectroscopy (Spectros Corp). Mean arterial blood pressure and heart rate were measured. Arterial blood gases were obtained. Right/left brain hemispheric weight ratios and brain damage scores were determined 1 week after HI. In another group, learning and behavior were assessed in young adulthood (9 weeks) using spontaneous locomotion, Morris water maze, and apomorphine injection. RESULTS: During HI, ipsilateral and contralateral brain oxygenation, arterial blood pressures, blood gases, and glucose levels were similar in both ischemic groups, while heart rate was slower in the HI-Protect group. One week after ischemia, brain hemispheric weight ratios and injury scores in several brain regions were significantly worse after HI, compared with HI-Protect. Nine weeks after HI, Morris water maze hidden platform and reversal platform escape latencies, measures of spatial memory function, were superior after HI-Protect, compared with HI (P < 0.0001). HI-Protect animals demonstrated significantly less circling behavior after an apomorphine challenge (P < 0.0001), a measure of striatal integrity. CONCLUSIONS: To test the neuroprotective effects of volatile anesthetics during neonatal brain ischemia, we developed a modification of the RVM. By using mechanical ventilation and endotracheal intubation, sevoflurane administration during HI was survivable. The combination of sevoflurane administration and mild hypothermia during HI conferred not only short-term structural, but also long-term functional protection, compared with littermates treated according to the RVM. These findings warrant further studies to improve neurological outcome in critically ill
hyperventilation. This combination of ischemia and hypoxia produces a characteristic, 1-hemispheric, permanent brain injury ipsilateral to the carotid artery occlusion. Importantly, the model not only permits the structural examination of the neonatal brain shortly after the ischemic insult but also facilitates assessment of long-term neurological outcomes of potential neuroprotective strategies. Several protective periischemic treatments have been tested using this model, such as hypothermia, 6 antiepileptics, 7 and α 2 -agonists. 8 Moreover, postischemic hypothermia by itself or in combination with erythropoietin has been tested with varying success. [9] [10] [11] However, when potential episodes of cerebral ischemia can be anticipated, such as during the perioperative period, protective strategies can be used preemptively and hence be more successful. While tested in other neonatal models of brain ischemia, 12, 13 volatile anesthetics, which are frequently used in the perioperative setting, have not been studied during brain ischemia in neonatal animals using this paradigm. This is surprising, since the volatile anesthetics' diverse actions on a variety of receptors and ion channels intimately involved in signaling during HI render them attractive targets for protective strategies. In fact, inhaled anesthetics have been repeatedly studied in several adult animal models of brain ischemia, where their protective abilities have been confined to brief ischemic episodes but do not appear beneficial during prolonged brain ischemia. 14 Furthermore, studies using anesthetics in mature animals have only observed neuroprotection during the first week after the insult but not for more prolonged periods of time. 15, 16 In the RVM of developmental brain ischemia, volatile anesthetics have thus far only demonstrated weak protection in a preconditioning paradigm when administered 24 hour before cerebral ischemia 17 but have not been tested during ischemia.
To find an effective neuroprotective strategy for the developing brain during perioperative episodes of anticipated cerebral ischemia, we examined a combination of mild hypothermia and the inhaled anesthetic sevoflurane, easily accomplished in perioperative care, during brain HI in a modification of the RVM involving endotracheal intubation and mechanical ventilation. The modification was compared with that of the original RVM in animal survival and physiologic variables during cerebral ischemia. Furthermore, brain structure was evaluated 1 week after the insult and behavioral as well as cognitive outcomes were assessed in young adulthood.
METHODS
All experiments performed with approval from the Institutional Animal Care and Use Committee at the Cincinnati Children's Research Foundation, conformed to the standards for ethical treatment of laboratory animals as published by the National Institute of Health, and aimed at limiting the number of animals used. One hundred seventyfive hybrid mouse pups of both gender born to C57BL/6 females and 129T2/SvEmsJ males were studied, of which n = 83 were used for nonsurvival procedures, and n = 92 were used for outcome measures (Table 1) . Neonatal mice were housed with their parents in a 12-hour light/12-hour dark cycle at 22°C until they were entered into the study on postnatal day 10 (P10). This particular age was chosen because the maturational stage of the mouse brain at that age approximately corresponds to the immature neonatal human brain. [18] [19] [20] [21] To reduce the influence of maternal experience and behavior on neurobehavioral outcome, which has previously been found to affect neurocognitive performance in their offspring, 22 each dam was allowed to raise their first litter undisturbed, and pups were entered into the neurocognitive testing experiments starting with the second litter, when pups were blocked by mating pair, randomizing equal number of male and female littermates to each treatment group. At the conclusion of each study part, animals were euthanized by intraperitoneal injection of ketamine (20 mg/g), xylazine (1 mg/g), and acepromazine (0.5 mg/g).
Hypoxia-Ischemia Model
The present study is a modification of the developmental HI rat model described by Vannucci et al., 23 which has been extensively used in ischemia research of the immature brain. 4 This modification includes tracheal intubation and mechanical ventilation, because we previously found spontaneous breathing of inhaled anesthetics during HI not to be survivable in the original model in mice. 24 After induction of anesthesia with 8% sevoflurane in oxygen for 1 to 2 minutes, it was maintained with 5% sevoflurane and spontaneous breathing via a nose cone. The anterior neck was cleansed with iodine, and the right common carotid artery exposed through a 4 to 5 mm longitudinal incision using a stereo microscope (Motic Instruments Inc., Richmond, BC, Canada). The carotid artery was ligated using 2 double ligatures with 5.0 surgical silk and transected in between to assure lack of blood flow through the vessel. After ligation, the wound was infiltrated with bupivacaine 0.25% and reapproximated with 2 skin sutures. The entire procedure of unilateral carotid artery ligation was completed in 6 to 8 minutes. Pups quickly awoke and were returned to their dam for a 2-hour recovery period before HI, as in the original model.
Short-Term Outcome After Neonatal Brain Ischemia
Brain Weight and Structure To study the effects of sevoflurane administration during HI on cerebral structure and brain weight 1 week after neonatal brain ischemia, mouse pups (n = 29) were randomized to either Room Air, HI, or HI-Protect, as described below. On P17, the animals were euthanized and perfused with chilled 4% paraformaldehyde in normal saline through a left ventricular cardiotomy.
Since the brain ischemia model used in the present study creates a unilateral brain injury ipsilateral to the carotid ligation, right versus left hemispheric brain weight ratios were determined after longitudinal division of both hemispheres along the midline, to assess the degree of global brain tissue loss. The remaining brain specimens were left intact, cryoprotected in 20% sucrose for 2 days, immersed into embedding matrix (Shandon M-1; Thermo Corp., Waltham, MA), and frozen at −80°C. For histologic analysis, we specifically examined the neocortex, basal ganglia, hippocampus, cerebellum, thalamus, and white matter. Brain sections were cut at 40 µm, mounted onto glass slides, and stained with hematoxylin/eosin. A neuropathologist unaware of group www.anesthesia-analgesia.org
ANESTHESiA & ANAlgESiA assignment examined representative slides for structural integrity, such as evidence for brain infarcts, cysts, or hemorrhage, as well as morphological criteria for necrosis or apoptosis, such as cell shrinkage with eosinophilic cytoplasm, nuclear condensation, or nuclear fragmentation. At least 10 high-power fields in each brain section were examined for each animal, and injury was graded with a semiquantitative scoring system, as follows: 0 = no dead or degenerating cells, 1 = less than 1% dead cells, 2 = 1% to 5% dead cells, 3 = 6% to 15% dead cells, 4 = 16% to 30% dead cells, 5 = more than 30% dead cells in a viewing field, which was then averaged for each brain region examined in each animal.
Long-Term Outcome After Neonatal Brain Ischemia
For long-term studies of neurocognition, body weight, and control of muscle function, pups were randomly assigned to 3 groups: HI with spontaneous breathing as in the original model (HI; n = 21), HI with mild hypothermia and sevoflurane exposure during mechanical ventilation (HI-Protect; n = 21), or control (Room Air; n = 21). Animals in the Room Air group were placed into a cylindrical glass container (10 cm height × 10 cm diameter) and allowed to breathe room air for 70 minutes. The container was partially submerged in a water bath (Heated Circulated System GD100L, Boekel Scientific, Feasterville, PA) to maintain an ambient temperature of 33.5°C to 34.5°C within the container. Preliminary experiments confirmed that these settings preserved normal pericranial temperature. Animals in the HI group were placed in the same temperature-controlled chambers and exposed to 60 minutes of hypoxia (10% oxygen) with spontaneous breathing. Oxygen concentration was measured with an RGM 5250 gas analyzer (Datex-Ohmeda Inc., Louisville, CO). After a 10-minute recovery period in room air, the animals were returned to their dams.
Because administration of volatile anesthetics with spontaneous ventilation during HI has not been survivable in this model, animals in the HI-Protect group were briefly anesthetized with sevoflurane for orotracheal intubation with a 24-gauge peripheral venous catheter (BD Angiocath™, Franklin Lakes, NJ) under direct visualization of the trachea using a Motic stereo microscope (Motic North America, Richmond, British Columbia, Canada). The catheter was modified by cutting off the sharp needletip, leaving the remaining metal part to function as a stylet, to guide the catheter into the trachea. After visual verification of successful intubation, the metal part was removed, and the catheter was attached to a small animal ventilator (MiniVent, Harvard Apparatus Inc., Holliston, MA). Animals' lungs were mechanically ventilated for 60 minutes ( Fig. 1 ) with a respiratory rate of 350 breaths/min and a tidal volume of 20 μL/g with 3.5% sevoflurane in 10% oxygen, simulating hypoxia (10% oxygen), and ischemia (carotid artery ligation) of the brain. Pilot experiments confirmed that these ventilatory settings approximated arterial blood gases measured in spontaneously breathing HI animals. Mild hypothermia to 34°C was instituted, and temperature was maintained with a stage warmer (MidAtlantic Diagnostics Inc., Marlton, NJ). Oxygen and sevoflurane concentrations were measured using a RGM 5250 gas analyzer (Datex-Ohmeda Inc., Louisville, CO). After 60 minutes, sevoflurane was discontinued, and the inspired mixture Female  Male  Female  Male  Female  Male  Breeding pair (BP)  A  4  6  5  4  4  5  28  B  2  4  3  3  3  3  18  C  1  0  1  1  1  1  5  D  0  2  1  2  1  2  8  E  2  0  1  0  0  1  4  Sex total  9  12  11  10  9  12  Groups total  21  21  21  63 Allocation schema of animals to the 3 study groups (Room Air, hypoxia-ischemia [HI]-Protect, HI) from 5 different breeding pairs (A-E), occurring blocked by breeding pair and by sex. Differences in breeding behavior resulted in uneven distribution across breeding pairs but had limited effect on the number of animals from each sex and group totals assigned to respective treatments. Figure 1 . Modification of the Rice-Vannucci rodent model of developmental brain ischemia involving orotracheal intubation and mechanical ventilation. Photograph shows a 10-day-old mouse, covered with sterile towels, orotracheally intubated with 24-G venous catheter, and connected to a small animal ventilator via Y-piece. The tip of the endotracheal tube can be visualized in the trachea through the skin incision. The right common carotid artery has been ligated, and arterial blood pressure monitoring is being performed via a catheter in the proximal right carotid artery, which is transfixed with a black silk suture. Scale bar = 5 mm was changed to room air for 5 minutes. Ventilator settings were then changed to a respiratory rate of 300 breaths/min and a tidal volume of 12 μL/g, which was found in preliminary experiments to match arterial blood gases measured in spontaneously breathing, normoxic animals. Animals were tracheally extubated 10 minutes after cessation of hypoxia and promptly returned to their dams on return of righting reflex. A separate cohort of animals was subjected to the same experimental conditions to measure physiologic variables and arterial blood gases, as described below.
Spontaneous Behavior and Spatial Learning and Memory
To determine the feasibility to assess long-term neurobehavioral outcome in this modification of the neonatal rodent HI RVM to test protective strategies, after HI, HI-Protect, or Room Air, pups remained with the dam until P28, when they were weaned, separated by gender, and housed in regular cages until neurocognitive testing at 9 weeks of age. All handling and testing were performed by personnel unaware of group assignment. Observation of spontaneous locomotor behavior (openfield) was performed during week 9 of life in a 41 × 41 × 30 cm testing apparatus with a grid of 16 pairs of horizontal photo beams from front to back and side to side, respectively, as well as 16 pairs of elevated vertical beams. Horizontal activity, total distance, movement time, repetitive beam breaks, margin time, and vertical activity were automatically recorded and averaged over 5-minute intervals for 60 minutes (Accuscan Instruments Inc., Columbus, OH). Horizontal activity measured the number of beam breaks in the horizontal axis. Total distance and movement time represented the distance traveled and the time the animal spent moving, respectively. Repetitive beam breaks measured the number of activities involving repeated breaks of the same beam, such as during repetitive movement or grooming. Margin time referred to the time spent in the perimeter of the chamber (outer 1 cm), an indication of thigmotaxis. Vertical activity measured the number of vertical beam breaks, indicating rearing activity.
Testing of learning and memory was performed in the Morris water maze (MWM), beginning during week 9 of life after completion of the open-field locomotor test. Testing occurred within a circular pool (122 cm diameter) containing opaque water to obscure a submerged platform (1 cm below the surface) that allowed the animals to escape the water. Water temperature was maintained at 22ºC. Testing paradigms were as follows: week 1, cued platform for 6 days; week 2, hidden platform place trials for 5 days with probe trial on the sixth day; week 3, reversal platform place trials for 5 days, followed by a probe trial on the sixth day.
A 10 cm diameter platform was used for the cued and hidden platform testing. A flag was placed on the platform as the visual cue in week and then removed in week 2, thereby making the animals rely on distal, visual cues on the walls around the pool to locate the platform. For the reversal paradigm, a smaller platform (7.5 cm diameter) was introduced in the quadrant opposite of the original platform location.
For each of the 3 paradigms, mice were introduced into the pool at 4 different starting positions in a predetermined sequence, undergoing 4 daily place trials. Each trial allowed for 60 seconds of search time and 15 seconds for the intertrial interval. During each trial, the ability to reach the platform in the allotted time (criterion), the time needed (escape latency), and the distance traversed (path length) were automatically recorded (Polytrack, San Diego Instruments, San Diego, CA). Mice that failed to reach the platform within the permitted time of 60 seconds were guided onto the platform; their escape latency and path length were recorded as 60 seconds, and criterion was marked as unmet.
For the probe trial on day 6 of weeks 2 and 3, the platform was removed, and animals were introduced in the quadrant opposite to the former platform position and allowed 30 seconds to search the tank. Memory retention was assessed as the time spent in the quadrant that the platform had been located in (target zone dwell time), and memory accuracy was measured by the number of times each animal crossed the original position of the platform (target zone transitions).
Adult Body Weight
To assess general health and nutritional status, adult animals from all 3 experimental groups were weighed before the administration of apomorphine.
Adult Muscle Control
The pharmacological challenge with apomorphine was the final test performed to assess the effects of protective strategies during neonatal HI on basal ganglia integrity in adulthood. Apomorphine, a dopaminergic agonist, greatly enhances ipsilateral rotations in rodents with unilateral striatal injury, such as created in the present model. Animals' baseline spontaneous circling behaviors were quantified for 10 minutes in the open-field as described above, followed by intraperitoneal injection of 1.2 mg/kg apomorphine and a repeat test session.
Determination of Minimum Alveolar Concentration for Sevoflurane in Nonsurvival Animals
Another group (n = 23) of P10 mouse pups were anesthetized to determine the minimum alveolar concentration (MAC) of sevoflurane. Since the animals' size precluded end-expiratory gas concentration measurements, experiments relied on inspiratory sevoflurane, which was kept constant for 15 minutes to facilitate equilibration of inspired gas and brain tissue concentration, followed by clamping of the middle third of the tail with a hemostat clamp. Purposeful movement or phonation resulted in a 10% to 15% increase in the sevoflurane concentration, whereas a lack of response led to a 10% to 15% decrease. The new concentration was held constant for 15 minutes, followed by repeat tail stimulation proximal to the previous clamp site. The number of stimulations was limited to 4. At the end of these experiment, blood glucose was measured in each animal to eliminate the influence of hypoglycemia, which may result during prolonged anesthetic exposure in newborn mice, 25 on the assessment of MAC. All animals were euthanized, using the aforementioned intraperitoneal drug www.anesthesia-analgesia.org
ANESTHESiA & ANAlgESiA combination, after this terminal laboratory draw. MAC was calculated in each animal as the mean of the sevoflurane concentrations bracketing the response and lack of response and averaged for all 23 animals.
Physiologic Measurements in Nonsurvival Animals
A separate cohort of mice was used to examine the effects of sevoflurane administration during HI on blood chemistry, hemodynamic variables, and cerebral tissue oxygenation. Due to the small size and blood volumes of the animals, these measurements could not be performed in the mice in the long-term outcome study, therefore requiring these additional animals. Animals were euthanized at the conclusion of physiologic data collection as described above.
Arterial Blood Gas and Glucose
To obtain blood chemistry data, P10 mouse pups (n = 22) were exposed to Room Air (n = 7), HI (n = 8), or HI-Protect (n = 7), as described above. In the Room Air group, after 60 minutes of fasting, pups were briefly anesthetized before surgical exposure of the carotid artery for direct aspiration of a blood sample to measure arterial pH, pCO 2 , pO 2 , base excess, and glucose (i-Stat Corp., East Windsor, NJ). In the HI and HI-Protect groups, blood sampling occurred at the end of a 60-minute period of HI. The blood quantity necessary for blood gas analysis (150-200 μL) was a substantial portion of the animals' total blood volume, requiring euthanasia immediately after the blood draw.
Arterial Blood Pressure and Heart Rate
Hemodynamic measurements required surgical placement of an arterial blood pressure monitor. P10 mouse pups (n = 19) were anesthetized for exposure of the right common carotid artery via an anterior neck incision, as described above. The carotid artery was ligated with a single, distal ligature, and the proximal segment cannulated with Micro-Renathane tubing with an outer diameter of 0.635 mm (MRE 025, Braintree Scientific, Braintree, MA), which was threaded 1 to 2 mm into the vessel. Mean arterial blood pressure (MAP) was transduced (Argon Medical Devices Inc., Athens, TX). Heart rate (HR) and MAP were recorded (BioPac MP-150 U, AcqKnowledge software version 3.7.3, Biopac Systems Inc., Goleta, CA) for 60 minutes of spontaneous ventilation in room air (n = 5), mechanical ventilation in room air (n = 4), HI (n = 6), or HI-Protect (n = 4), followed by euthanasia.
Cerebral Tissue Oxygenation
A separate cohort of animals underwent right common carotid artery ligation (n = 19), as described above, with pups randomly assigned to HI or HI-Protect experimental conditions. The animals were briefly anesthetized for probe placement. A sagittal skin incision was made to partially deflect the scalp, exposing the skull. T-Stat 303 Microvascular Tissue Oximeter with CTH-060-END probes (Spectros Corp., Portola Valley, CA) were placed perpendicular to the skull surface, 2 mm posterior to the bregma and 2 mm lateral to each side of midline, at the center of the area at risk during brain ischemia. Using visible light spectroscopy, this monitor measures capillary hemoglobin saturation by transmitting visible light and measuring light scattering. Tissue oxygenation was repeatedly measured in both brain hemispheres at baseline, during 60 minutes of HI, and for 20 minutes after cessation of HI, after which animals were euthanized.
Statistical Analysis
Data are presented as mean ± standard error of the mean (SEM) for normally distributed data (Wilk-Shapiro P ≥ 0.05); otherwise, they are presented as median (whiskers representing the fifth and ninety-fifth percentiles) or frequency histograms. Before group comparisons, data were tested to verify if all assumptions for use of parametric methods were met, which was only the case for MWM target quadrant dwell times, where analysis of variance with Bonferroni correction for multiple comparisons was used.
None of the other data met these criteria; therefore, nonparametric statistical methods were used for all other analyses. Accordingly, the Kruskal-Wallis test in combination with Dunn post hoc test for multiple comparisons was used to analyze arterial blood gases, glucose levels, brain damage scores, body weights, brain hemispheric weight ratios, as well as MWM swim speeds and target quadrant transitions. 26 Group sizes for the outcome measures were set with an intent-to-treat, without replacement for attrition, based on variances observed in previous experiments. Group comparisons of repeated-measures data, such as MAP, HR, rectal temperature, cerebral tissue oxygenation, spontaneous locomotion, as well as escape latencies in the MWM, were analyzed using the rank transformation type 2 method described by Conover and Iman. 27 The model used subject (individual animals) as the random variable and treatment (group) and time (days or epoch) as the fixed variables; no interaction term was included. Bonferroni-corrected orthogonal contrasts were used for group comparisons. This technique detected the effect, if any, of treatment but did not detect an effect of time on absolute latency or margin time or any other continuous variable as those values were "lost" during the ranking. A significant time effect in the rank transform analysis would indicate that the relative rankings of the groups were changing with time.
To detect changes in the continuous variables of the MWM and locomotor datasets with time, a repeated-measures analysis of variance model similar to that described above was used, entering the numeric values for dependent variables instead of the ranks. When assessing the statistical significance of the fixed effect time, the Greenhouse-Geisser test was used to correct the degrees of freedom of the F-test for lack of independence of repeated measures. Binary variables, such as mortality and circling data during apomorphine challenge, were analyzed using Fisher exact test if any of the data cells contained n < 5 subjects or with a χ 2 contingency table for n ≥ 5. Statistical calculations were performed with SPSS 11.1 for Macintosh OS X (SPSS Inc., Chicago, IL), and significance was accepted at P < 0.05. Confidence intervals for each P value were calculated using Equation B4 according to Cumming. 28 The calculation assumes a 2-tailed test and that the population effect size is unknown. The results are reported after each significant P value as the 10th to 90th percentile P values and the probability of realizing a P value ≤0.05 upon repetition of the experiment.
RESULTS

Sevoflurane Potency
The MAC of sevoflurane in 10-day-old mice was determined as 4.4% ± 0.95%. Accordingly, the dose of 3.5% sevoflurane during HI in the HI-Protect group corresponded to approximately 0.8 MAC, a clinically relevant dose.
Physiologic Variables
Several physiologic variables and arterial blood gases were measured invasively in a cohort of nonsurviving animals, otherwise treated similarly to animals studied long-term in the HI and HI-Protect groups.
Arterial Blood Gases and Glucose
Blood gas analyses were obtained after 1 hour of HI in spontaneously breathing animals, representing the standard RVM, in intubated and mechanically ventilated littermates (HI-Protect group) representing the modification ( Fig. 1 ), or after 1 hour of fasting in room air and brief sevoflurane exposure for blood sampling (Room Air group) and are displayed in Table 2 . Room Air group animals demonstrated normal pH, Pco 2 , Po 2 , base excess, and blood glucose. Conversely, after a 1-hour exposure to 10% oxygen, significant hypoxemia, metabolic acidosis, hypocapnia, and hypoglycemia were observed in the HI group that was indistinguishable from mechanically ventilated animals in the HI-Protect group ( Table 2) .
Arterial Blood Pressure and Heart Rate MAP and HR during HI in HI and HI-Protect animals are presented in Figure 2A . HR increased during HI for both groups (F[2.02,18.14] = 3.67 P = 0.046 [confidence interval 10th-90th percentiles: 0.00018-0.64; probability of realizing a P value ≤0.05 upon repetition of the experiment: 0.512]). However, HR remained significantly higher in the HI group during the ischemic period (F[1,59] = 25.89 P = 0.0009 [0.0000003-0.13; 0.832]). MAP decreased in both groups during ischemia (F [2.47,24 .65] = 4.12 P = 0.02 (0.00004-0.52; 0.603]), without any difference observed between groups (F[1,65] = 4.12 P = 0.08).
Rectal Temperature
Temperatures were measured rectally and maintained around 34°C in the HI-Protect group and between 36.5°C and 37.5°C in the HI group (Fig. 2B) , which was statistically different between groups (F[1,239] = 67.07 P < 0.0001 [< 0.000000012-< 0.04; > 0.914]). The initial temperature in the HI group was slightly lower, due to handling of the animals and attachment of the temperature probe in room temperature before transfer into the hypoxic chamber but quickly recovered. This handling did not occur in the treatment cohort in which brain injury and neurological outcome were measured.
Cerebral Tissue Oxygenation
Bilateral cerebral microvascular tissue oxygenation was measured ipsilateral and contralateral to the carotid ligation in the area at risk for ischemia, 2 mm posterior to bregma, and 2 mm lateral of midline ( Fig. 2C ). Oxygenation decreased rapidly during the first minutes of HI, remained diminished throughout HI, and increased after its discontinuation for both the right (F[3.56,64.17] = 153.51 P < 0.0001 [<0.000000012-<0.04; > 0.914]) and left brain hemispheres (F[5.73,103.1] = 145.97 P < 0.0001 [<0.000000012-< 0.04; > 0.914]). There were no differences between the HI and HI-Protect groups during ischemia for the right (F[1,322] = 0.02 P > 0.9) or left hemispheres (F[1,322] = 0.55 P > 0.5). However, while cerebral oxygenation increased in both groups immediately after cessation of brain ischemia and eventually reached a similar level in both groups, reperfusion in the HI-Protect group lagged behind their HI-group littermates for both the right (F[1.79,32.18] = 9.56 P = 0.0008 [0.00000025-0.12; 0.838]) and left hemispheres (F[1.83,32.96] = 5.86 P = 0.005 [0.000004-0.12; 0.838]).
Mortality
As we have previously described, volatile anesthetic administration during hypoxia is not survivable in the original RVM with spontaneous breathing in mice. 24 Conversely, by introducing endotracheal intubation and mechanical ventilation, in the present study, we only observed 5% mortality in animals exposed to sevoflurane during brain ischemia (HI-Protect group). Moreover, during the first 24 hours after HI, overall mortality was lower in the HI-Protect group, compared with the HI group (5% vs 24%, respectively; P = 0.04 [0.00014-0.63; 0.529], Fisher exact test). No additional deaths occurred beyond this period. All control animals survived the brief anesthetic exposure for ligation of the right carotid artery, the subsequent fasting in room air for 70 minutes, and into adulthood until neurocognitive testing.
Body Weight and Brain Hemispheric Weight Ratios
Body weight gains during the week after HI were comparable among groups, measuring 1.29 ± 0.24, 1.75 ± 0.16, and Data presented as mean ± standard error (SE). Paco 2 and Pao 2 denote arterial partial pressure of carbon dioxide and oxygen, respectively; BE refers to base excess; Glucose denotes blood glucose concentration. www.anesthesia-analgesia.org
ANESTHESiA & ANAlgESiA 2.05 ± 0.18 g for the HI, HI-Protect, and Room Air groups, respectively (P = 0.06 by Kruskal-Wallis test). Brain weights, 1 week after ischemia were 0.33 ± 0.005, 0.37 ± 0.009, and 0.37 ± 0.008 g, in the HI, HI-Protect, and Room Air groups, respectively (P = 0.0001, HI versus HI-Protect, and P < 0.0001 (< 0.000000012-< 0.04; > 0.914) (HI versus Room Air control by Kruskal-Wallis/Dunn tests; no significant difference between HI-Protect and Room Air). Since brain injury in this model predominantly occurs in the brain hemisphere ipsilateral to the carotid ligation, right/left hemispheric brain weight ratios were measured; the right brain hemispheric weight, expressed as a percentage of overall brain weight was 46.9% ± 1.1% in HI animals, significantly lower than the 50.7% ± 0.9% and 51.7% ± 0.9% measured in HI-Protect and Room Air (P = 0.002 [0.000001-0.2; 0.788] and P = 0.0008 [0.00000025-0.12; 0.838], respectively, compared with HI by Kruskal-Wallis/ Dunn's tests; no difference between HI-Protect and Room Air). These findings suggest that the combination of peri-ischemic mild hypothermia and sevoflurane preserved brain weights and prevented hemispheric brain injury ipsilateral to the carotid ligation.
Brain Structural Abnormalities
One week after the ischemic insult on P10, a neuropathologist unaware of group assignment assessed injury in brain regions that have previously demonstrated substantial structural damage in the RVM. Qualitatively, neuronal injury was limited to the right brain hemisphere, ipsilateral to the carotid ligation ( Fig. 3 ), confirming previous results.
As observed in room air-exposed control animals, a brief anesthetic exposure and right common carotid ligation did not lead to observable subsequent brain injury. Conversely, brain ischemia induced by a 60-minute exposure to 10% oxygen caused widespread neuronal damage involving neocortex (A), basal ganglia (B), thalamus (C), and hippocampus (D) in HI animals, while periventricular white matter (C) did not appear affected (P = 1 for group comparisons using Kruskal-Wallis test) 1 week after a 1-hour ischemic episode at 10 days of age ( Fig. 3) . Importantly, while sporadic neuronal injury, even with >30% of neurons affected in some animals, was observed in the HI-Protect group, damage was significantly reduced, compared with the HI group. Figure 4 shows representative photomicrographs of brain regions affected by HI.
Spontaneous Behavior and Spatial Learning and Memory
To assess whether ameliorated structural integrity 1 week after the insult translated into improved long-term neurological outcome, animals underwent neurological testing in adulthood, starting at 9 weeks of age. Figure 5 shows . Heart rate during HI was significantly higher in the HI group (A). According to the protective strategy, rectal temperature was kept around 34°C in the HI-Protect group, significantly lower than in the HI group, where it was maintained between 36.5°C and 37.5 °C (B). Due to animal handling, HI animals initially started below this range but quickly warmed to the target range. This handling did not occur in the survival groups. Left and right hemispheric cerebral tissue oxygenation quickly decreased on initiation of HI in both groups and increased during reperfusion, without group differences (C).
adult mice, regardless of group assignment with or without neonatal exposure to hypoxia-ischemia ( Fig. 5 ). There was no observed effect of epoch in the rank-transform analysis (F[11,660] = 0.00 P = 1.00) To assess the long-term effects of neonatal ischemia on cognitive function, starting at 10 weeks of age, spatial learning and memory were assessed in the MWM. Testing began with evaluating proximal cue learning by measuring the time to reach an escape platform marked by a flag (cued trials), followed by training to find a submerged platform (hidden platform place trials) and memory retention of the platform's location (hidden platform probe trial). Subsequently, the latter test was repeated with a smaller platform in a new location (reversal platform place and probe trials). Figure 6 demonstrates the results of the cued platform trials. Animals in all groups learned to perform the task as indicated by the improvement in time to reach the escape platform (escape latency) and by the increase in the percentage of animals completing the task in the allotted time (criterion) throughout the 6-day testing period. However, escape latency was significantly longer in HI group animals compared with both the HI-Protect and Room Air control groups HI (F[1,300] = 24.53 P < 0.0001 [< 0.000000012-< 0.04; >0.914], or F[1,300] = 28.79 P < 0.0001 [< 0.000000012-<0.04; > 0.914], respectively). No difference was detected among animals from the control and HI-Protect groups (F[1,300] = 0.17 P = 0.7). There was no observed effect of epoch in the rank-transform analysis (F[11,660] = 0.00 P = 1.00). Figure 7 demonstrates performance during MWM hidden platform place learning. Time to reach the hidden platform (escape latency) was significantly shorter during the 5-day training period in the HI-Protect (F[1,240] = 30.8, P < 0.0001 [< 0.000000012-< 0.04; >0.914]) and Room Air groups (F[1,240] = 9.95, P = 0.002 [0.000001-0.2; 0.788]), compared with the HI group. Criterion was met by a significantly higher percentage of animals, and escape latency was significantly shorter in both the HI-Protect and Room Air groups, compared with HI (P < 0.0001 [<0.000000012-< 0.04; > 0.914], respectively). Moreover, average swim speeds throughout the 5-day place trial were significantly slower in the HI group, compared with HI-Protect and Room Air groups (15 ± 1, 20 ± 2, and 20 ± 1 cm/s, respectively; P = 0.002 [0.000001-0.2; 0.788] and P = 0.003 [0.000002-0.24; 0.762] comparing HI with HI-Protect and control, respectively), suggesting impaired motor function. Figure 8 depicts the results of the hidden platform probe trial, which, after removal of the escape platform, quantified the amount of time spent in the quadrant (target quadrant dwell time) and the number of crossings of Figure 3 . The combined neuroprotective strategy significantly reduced neurological injury 1 week after neonatal brain ischemia. Right hemispheric neuronal injury scores (0: no dead or degenerating cells, 1: < 1%, 2: 1% to 5%, 3: 6% to 15%, 4: 16% to 30%, 5: >30% dead cells) in neocortex (A), basal ganglia (B), thalamus (C), and hippocampus dentate gyrus, CA1, and CA2/3 (D) were significantly reduced by the combination therapy of mild peri-ischemic hypothermia and exposure to sevoflurane (hypoxia-ischemia Figure 9 summarizes the results of the reversal platform place trial, which involves installation of a smaller, hidden platform in a different quadrant. As expected, the transition to the smaller, reversal platform initially increased latency to the platform and decreased the number of animals finding the platform in all groups. However, latency improved significantly in the Room Air control and HI-Protect groups throughout the subsequent 5-day trial period, whereas it did not in the HI group (F[1,240] = 25.75, P < 0.0001 [< 0.000000012-<0.04; > 0.914] compared with Room Air and F(1,240) = 42.86, P < 0.0001 [< 0.000000012-< 0.04; > 0.914] compared with HI-Protect). During this reversal platform place trial, average swim speeds were 12 ± 2, 20 ± 1, and 19±1 cm/s, respectively, in the HI, HI-Protect, and control groups, and thereby significantly lower in the HI group P = 0.001 (0.0000004-0.14; 0.827) and P = 0.0004 (0.00000009-0.084; 0.868) compared with control and HI-Protect, respectively. In the reversal platform probe trial, as shown in Figure 10 , target quadrant dwell time was significantly shorter in the HI group, compared with HI-Protect (P = 0.0005 [0.000000125-0.096; 0.859]), suggesting improved memory retention in the latter group. While the number of target zone transitions, a measure of accuracy of the memorized platform location was lower in the HI group compared with HI-Protect, this finding did not meet statistical significance (P = 0.085).
Adult Body Weight
Adult animal weights of 25.6 ± 0.9, 26.7 ± 0.9, and 26.3 ± 0.9 g, in the HI, HI-Protect, and Room Air groups, respectively, were similar among the groups, suggesting that brain ischemia at a young age did not lead to altered growth.
Apomorphine Challenge
The final test performed in adult animals to assess basal ganglia integrity after neonatal HI was the injection of apomorphine, a dopaminergic agonist, that greatly enhances ipsilateral rotations in rodents with unilateral striatal injury, such as created in the present model. Circling behavior was examined in 12-week-old animals before and after an intraperitoneal injection of the dopaminergic agonist apomorphine to assess striatal integrity (Fig. 11 ). Before the apomorphine challenge, baseline circling behavior was more common in HI animals than in the HI-Protect group (P = 0.04 [0.00014-0.63; 0.529]), but not the Room Air control group. However, circling dramatically increased in HI animals both 5 and 10 minutes after the drug challenge (P < 0.0001 [< 0.000000012-< 0.04; > 0.914] compared with HI-Protect and Room Air), suggesting sustained striatal injury in adult animals exposed to HI early in life.
DISCUSSION
Diminution of oxygen and nutrient supply to the brain, cerebral HI, even for short periods of time, can lead to profound injury and long-standing impairment. Clinically, this may at least in part explain postoperative neurological impairment observed in critically ill children, such as survivors of congenital heart surgery. 29 The resultant individual and societal costs can be profound, 1,2 making protective strategies in anticipation of potential cerebral ischemia, such as during infant heart surgery, an important area for intervention.
Volatile anesthetics have been studied as neuroprotective drugs, but have not consistently produced complete or long-term neuroprotection in adult animals, 30, 31 and have not been studied extensively for the immature brain. By itself, mild hypothermia has only partially improved neuropathological injury after neonatal brain ischemia, 6 and long-term functional studies are missing.
The combination of neonatal unilateral carotid ligation and timed exposure to a hypoxic gas mixture in the frequently used RVM model with the resultant hypoxia and cerebral vasoconstriction secondary to compensatory spontaneous hyperventilation creates a characteristic, predominantly unilateral brain injury in neocortex, hippocampus, and basal ganglia ipsilateral to the carotid ligation. 4, 5, 32, 33 This model has been extensively used for a variety of protective strategies, such as hypothermia, 6 ascorbic acid, 34 levetiracetam, 7 or dexmedetomidine. 8 To test a clinically feasible combination of a volatile anesthetic and mild hypothermia that can be easily produced during perioperative care as a protective approach, we developed and tested a modification of this model in neonatal mice. In doing so, we introduce several new findings. First, the novel use of endotracheal intubation and mechanical ventilation reduced mortality during cerebral HI in the neuroprotection group, while replicating physiological variables of the standard model. Importantly, this protective strategy improved brain structure 1 week after ischemia as well as adult neurological function, compared with animals treated according to the original RVM.
While the small size of neonatal mice limits invasive physiological monitoring in survivors, key advantages of this model include its economy and the availability of validated neurocognitive testing tools, such as the MWM to examine long-term neurological function after neonatal HI. 35 Historically, rats have been exposed to 8% oxygen for several hours in this model, 4 but since mice are more sensitive to cerebral ischemia than rats, we subjected 10-day-old C57BL/6-129T2/SvEvMsJ hybrid mice to 10% oxygen for 1 hour, which has been shown to cause reproducible, severe one-hemispheric brain injury and subsequent neurological impairment. 17, 36 This particular hybrid strain was used to take advantage of the proficient water maze performance of the C57BL/6 mice, while minimizing the effects of potential cerebrovascular abnormalities (i.e., incomplete circle of Willis) in this strain. 37, 38 Since we have previously found that exposure to volatile anesthetics in spontaneously breathing mouse pups, per the RVM, is not survivable during HI, 24 probably due to anesthesia-induced respiratory depression, we devised a modification to the RVM for the present study by endotracheally intubating and mechanically ventilating animals during ischemia (Fig. 1) , dramatically improving survival (95%). Ventilator settings were adjusted to match arterial blood gases of spontaneously hyperventilating animals treated according to the original RVM (Table 2) , 39 suggesting that group differences in outcome observed in the present study were not related to differential levels of hypoxemia, acidosis, or respiration. Since the blood sample volume was a substantial portion of these small animals' entire blood volume, blood sampling could not be performed in the animals enrolled in the outcome study. Animals were exposed to 3.5% sevoflurane during ischemia, which equates to 0.8 MAC in this particular strain, according to preliminary experiments using a bracketing Figure 5 . Spontaneous locomotion in the open field was not altered in adult animals after neonatal brain hypoxia-ischemia (HI). Graphs demonstrate automated quantifications of 60 minutes of several representative spontaneous behaviors in an open field, such as horizontal activity (A), vertical activity (rearing, B), margin time (thigmotaxis, C), and stereotypical behavior (D). All animals underwent right carotid artery ligation on postnatal day 10 and exposure to 10% oxygen for 60 minutes, without (HI, closed squares) or with periischemic hypothermia and sevoflurane (HI-Protect, gray squares), except for Room Air animals (open circles), which only underwent carotid artery ligation without hypoxia. Data represent means ± standard error (SE), n = 19, 21, and 21 for HI, HI-Protect, and Room Air, respectively. All behaviors changed over time (P < 0.0001 (< 0.000000012-< 0.04; > 0.914) by repeated rank measures) but did not differ between groups (P > 0.05).
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ANESTHESiA & ANAlgESiA study design with the tail clamp method, as previously described. 40, 41 Similar to previous experiments, a significant reduction in blood glucose was observed during cerebral ischemia, 24, 39 irrespective of group assignment. However, moderate hypoglycemia does not substantially influence the extent of the injury, whereas extreme hyperglycemia may be protective. 32 Dextrose was therefore not supplemented in our animals and since blood glucose levels decreased similarly in both the HI and HI-Protect groups, hypoglycemia seemed unlikely to be responsible for the observed group differences in outcome.
Other physiological variables measured during cerebral ischemia in a nonsurvival cohort included HR, MAP, and cerebral oxygenation. MAP decreased similarly among groups during 60 minutes of ischemia, while HR was significantly higher in animals treated according to the original RVM model, indicating that the combination of mild hypothermia and sevoflurane may have reduced sympathetic tone during cerebral ischemia. This observation differs from our previous finding of sustained HR during cerebral ischemia in normothermic, ventilated mice exposed to isoflurane, 24 suggesting differential effects either due to mild hypothermia or secondary to the choice of anesthetic, isoflurane versus sevoflurane.
Cerebral tissue hemoglobin oxygen saturation was measured in the center of the area at risk (2 mm posterior to the bregma, 2 mm lateral to midline on each side) with a microvascular tissue oximeter, which uses visible light and has been shown to be sensitive to hypoxia, as well as regional and global ischemia. 42, 43 Baseline oxygenation amounted to 70% to 80% in the left brain hemisphere, and 55% to 70% in the right hemisphere, ipsilateral to the carotid ligation, irrespective of group assignment. After introduction of the hypoxic gas mixture, tissue oxygenation rapidly decreased to 10% to 20% in the left hemisphere and approximately 0% in the right hemisphere, irrespective of group assignment, indicating severe ischemia in the right hemispheric area at ANESTHESiA & ANAlgESiA risk. On conclusion of hypoxia, tissue oxygenation increased and reached similar levels between groups within 20 minutes; however, the slope of recovery in the HI-Protect group initially trailed the HI group, potentially due to diminished HR and lower cardiac output. Since quantification of tissue oxygenation was limited to spot checks of a single area in both hemispheres, it remains uncertain whether the size of the ischemic core and/or the surrounding area (penumbra) were similar among groups. Both are important factors in the evolution of brain injury, 33 necessitating further study. Qualitatively, no injury was discernable in the contralateral hemisphere of any of the study groups, however, damage on the subcellular level cannot be dismissed.
Mild hypothermia, approximately 34°C as used in the present study, has been demonstrated to afford only partial protection in neonatal rats during brain ischemia using this model. 6 suggesting that in the present study sevoflurane added to the protection. Combined hypothermia and isoflurane have been found to be protective during brain ischemia in vitro. 44 However, to our knowledge, volatile anesthetics have thus far only been tested in a preconditioning paradigm before ischemia, 17 but not during neonatal brain ischemia in vivo, probably because exposure has not been survivable with spontaneous respiration. 24 In adult animal neuroprotection studies of focal or severe forebrain ischemia, 15, 16 isoflurane has been observed to afford protection shortly after ischemia, but not to preserve brain structure and neurological function long-term. 15, 45 Surprisingly, the present study not only demonstrated short-term protection, as evidenced by maintained rightto-left brain hemispheric brain weight ratios and structural integrity in several brain regions 1 week after cerebral ischemia, but also sustained protection, as evidenced by improved neurological function, behavior and neurocognition measured in young adult mice. While open-field locomotion did not differ among any of the groups, confirming previous studies demonstrating this test to be insensitive to ischemic brain damage, 46, 47 substantial group differences became apparent in tests performed in the MWM. Proximal cue learning was preserved in the HI-Protect group. While performance of the HI group was impaired throughout the test, learning still occurred and since locomotion behavior in the open-field was also unimpaired, it seems unlikely Figure 10 . Performance in reversal platform probe trials in the Morris water maze was impaired in adult mice after neonatal brain ischemia, compared with littermates treated with a combined protective strategy. Bars represent mean dwell times and standard errors (SEs) in the quadrant of the reversal platform after its removal (A), a measure of spatial memory retention, and the number of transitions across the previous platform location (B), a measure of spatial memory accuracy. All animals underwent right carotid artery ligation on postnatal day 10 and exposure to 10% oxygen for 60 minutes, without ((hypoxia-ischemia [HI], black bars) or with peri-ischemic hypothermia and sevoflurane (HI-Protect, gray bars), except for Room Air animals (white bars), which only underwent carotid artery ligation without hypoxia. n = 19, 21, and 21 for HI, HI-Protect, and Room Air, respectively. *P = 0.0005 (0.000000125-0.096; 0.859) by Kruskal-Wallis test with Dunn posthoc correction, compared with HI-Protect. Figure 11 . Circling behavior after an apomorphine challenge was increased in adult mice after neonatal brain ischemia, compared with littermates treated with a combined protective strategy, indicating preservation of striatal functional integrity. Bars indicate clockwise circling behavior at baseline (left) and 5 or 10 minutes after injection of the dopaminergic agonist apomorphine (right) in adult mice. Groups (from left to right) represent littermates that underwent right carotid artery ligation on postnatal day 10 and exposure to room air (Room Air controls) and exposure to 10% oxygen for 60 minutes, without (hypoxia-ischemia [HI], black bars) or with peri-ischemic hypothermia and sevoflurane (HI-Protect, gray bars). Clockwise circling behavior was more common in HI animals than in the HI-Protect group at baseline (*P = 0.04 [0.00014-0.63; 0.529] by Kruskal-Wallis test with Dunn post hoc correction) and more common than in the HI-Protect and Room Air control animals 5 and 10 minutes after apomorphine injection ( # P < 0.0001 [< 0.000000012-< 0.04; > 0.914]), indicating striatal injury in the HI group. n = 19, 21, and 21 for HI, HI-Protect, and Room Air, respectively. that impaired plasticity of the visual cortex, as previously observed after neonatal HI caused this deficit. 48 Rather, since the performance gap between the HI group and the other groups remained relatively constant, a more likely explanation would be impaired basal ganglia function. 49 Accordingly, during the apomorphine challenge we found increased ipsilateral circling behavior in the HI group, indicative of a unilateral striatal lesion according to previous study, 50 and this hypothesis is further supported by the decreased swim speed and histological damage observed in this region in the present study and similar brain injury seen in a previous study. 36 Spatial learning was tested with hidden and reversal platform trials, as well as subsequent probe trials evaluating memory retention. 35, 51 While the HI group displayed severe learning impairment and memory deficits, littermates in the HI-Protect group were indistinguishable from Room Air control animals, suggesting that a combination of mild hypothermia and sevoflurane during neonatal brain ischemia preserved neurocognition. Combined with the histopathological evidence of significantly greater brain injury in the HI-group animals, these findings corroborate previous studies demonstrating a correlation between learning deficits and tissue loss in the ipsilateral hemisphere and hippocampus. 46, 52 This profound protection compared with control animals is surprising and could potentially result from subtle neurological impairment caused by the brief anesthetic exposure and carotid ligation performed in Room Air control group animals, since we did not include untreated control subjects. However, this seems unlikely, because no injury was found in control animals on histopathology early after the insult and neurocognitive performance was qualitatively similar to entirely untreated controls in our previous studies. 17, 25 Also, the duration of anesthetic exposure for carotid ligation was brief, between 6 to 8 minutes, which should exclude potential protective effects, which have previously only been observed for extended exposures of >20 minutes during carotid ligation in this model. 53 Moreover, a recent study of complete cardiac arrest for 6 minutes and resuscitation in pigs has similarly demonstrated a substantial amelioration of histological and functional deficits using a combination of the anesthetic xenon and mild hypothermia. 54 Due to the superior performance of animals in the HI-Protect group, it also seems unlikely that the additional stress and stimulation from the anesthetic exposure, tracheal intubation, and transient mild hypothermia elicited any lasting effects on the brain.Even though the RVM has been reliably used for >30 years, 4 there can be substantial variability in the degree of brain damage between animals of different litters, ranging from very mild to severe injury after similar insults. 55 Substantial sex differences have been demonstrated in motor performance after asphyxia in newborn rodents. 55 Moreover, the rodent dam, through her rearing behavior, has a profound effect on subsequent performance of pups in neurocognitive assessment tests. 22 Due to all these substantial confounders, group assignment in the current study was blocked by mating pair and sex of the animals, which resulted in the same number of female and male pups from each dam in all treatment groups, but also limited the feasible number of groups for study. While this strategy substantially reduced the effects of the above-mentioned confounders on functional testing, it precluded the distinction between the relative contributions of the protective components, hypothermia and anesthetic exposure, that have to be addressed in future studies. These studies also need to elucidate the potential mechanisms of the observed profound protection. In adult animals, hypothermia has been found to ameliorate apoptotic neuronal cell death 56 and sevoflurane to decrease apoptosis-promoting proteins after brain ischemia. 57 These findings suggest synergistic effects of the 2 protective modalities on apoptotic cell death, which is the preferred mode of cell death in the developing brain. These synergistic effects potentially explain the profound protection observed in our immature animals, compared with lack of long-term anesthetic protection in mature animals. However, sevoflurane as well as other inhaled anesthetics have also been found to induce neuronal apoptosis under nonischemic conditions, 41, 58, 59 complicating the interpretation of protection. One way to address this conundrum would be to perform histology and neuronal density counts in adult animals, which was not performed in the present study, but may not have been sensitive enough to detect the elimination of up to 2% of neurons previously observed immediately after a 6-hour exposure to isoflurane. Moreover, the protective effects of hypothermia are similarly complicated in this setting, because it has been found to differ depending on the severity of injury and may even be deleterious when initiated late after severe ischemia. 60 These challenges underscore that further studies are needed to establish protective strategies for neonatal HI, even for anticipated episodes.
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